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Bismarckstrasse81,47048Duisburg

e-mail: berentsen@sent5.uni-duisburg.de,th.kaiser@uni-duisburg.de

FIRE LOCATION ESTIMATION USING TEMPERATURE
SENSOR ARRAYS

1. ABSTRACT

This paperreconsidershow to estimatethe locationof a fire in a closedroom with an

arrayof temperaturesensors.The very importantquestionis: “Where is a fire located

?”. Theansweris of interestfor researchonfire detectionandfor adeeperunderstanding

of the caseof fire for preventionandextinguishing. Theanswerto this questioncanbe

given with two small arraysof temperaturesensors.Here, “small” meansin the same

dimensionslike a standardfire detector. Thedatasignalprocessingfor thefire location

estimationcanbedoneby adigital signalprocessor(DSP).It seemsto bepossibleto give

a roughfire locationestimationwith suchanarrayin thesametime which is requiredby

astandardfire detectorto giveafire alarm.

2. INTRODUCTION

Oneof themainconcernsin fire researchis to detectafire in ashorttimewith a low false

alarmrate. It is alsoof interestwhere a fire is located.For exampletwo scenarioswill

be given. First an automaticfire extinguishingin a sensiblearealike a warehouseor a

computerroom. The damagein suchan areacanbe minimizedwith knowledgeof the

fire locationanda moreexactautomaticextinguishingcanbedone.Hence,thecostcan

be reduced.The secondscenariois a fire extinguishingby a firemanin a smoky room.

Knowledgeof thefire locationbeforeenteringtheroomminimizestheextinguishingtime.

It canalsominimizethedangerfor hislife while enteringaroomwith suchdeadlysmoke.



Now we take a look at a fire in anearlystage.Thehot gasesarerising up from thefire

placenearthefloor to theceiling shown in figure1 a). Undertheceiling they propagate

in a circularshapesasshown in figure1 b).
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Figure1: a) fire in aclosedroom(sideview) b) circularwaveshapes(topview)

Due to moreor lessstrongturbulencesandinterferencescausedby the roomswalls the

shapeswill not be perfectlycircular. If we take now an averagein time we expectan

almostcircularshape.This observationis fundamentalfor thefollowing idea. However,

thesecircular behavior seemsto be time limited. Whena fire grows up, the hot gases

becomemoreturbulent,andthepropagationbecomesmoreandmorenon-circularshapes.

Here,our basicapproach.For the following considerationssomeboundaryconditions

mustbefulfilled:

� Theceilingshouldbeflat with a low heatconductivity.

� The flow currentvelocity
�
v of the hot gasesshouldbe nearlyconstantunderthe

ceiling in theearlystateof fire.

� Thefire is nearthefloor level

� Thewallsareof thesametemperature.

� Thefire is not locateddirectlyat awall.

� Otherair currents,e.g.causedby aheatingsystem,shouldbeneglected.



Theseassumptionsareneededto validatethewaveformasof almostcircularshape.With

theseassumptionthehotgasesgrow upvertically from thefire andreachtheceilingwith

theshortestdistance.Fromthis point thecircularshapesstartsunderanearlyflat ceiling.

In this casetheestimationcanbe reducedfrom a threedimensionalprobleminto a two

dimensionalproblem.

In the following alwaysan arrayof four sensorsis used. The sensorsarearrangedin a

quadraticway andlocatedat thepoints(xn � yn), n � 1
�
1� 4 with a distanced � 5cm. The

active part of the sensor(diameter0 � 13mm) is mounted8mm underthe ceiling. These

parametersdiffersfrom earlierpublicationson this topic [3], [4], [7]. Modernceramical

NTC resistorsareusedin a temperaturerangefrom 0� C up to morethen150� C. Thus,

a high dynamicof thesesensorsis required.Theusedsensorshave a low responsetime

around0.11sin air [8]. Also a low toleranceis required,which is guaranteedhereby

carefulselection.

3. THEORETICAL FUNDAMENTALS

Thepropagationof thehotgasesundertheceilingcanbeseenasatemperaturewavefront

T
�
x � y � t � with

�
x0 � y0 � as the locationof the fire. With a flat ceiling a radiusr can be

definedas

r � � x � x0 � 2 	
�
y � y0 � 2 �

Sincethe wavefront T
�
x � y � t � is assumedto be of a circular shapeit is only a function

of the radiusand time. Hence,we usethe notationT
�
r� t � insteadof T

�
x � y � t � in the

following. For a sensoron a fixedpoint
�
xn � yn � the temperaturefunctionT

�
t ��
 rn is only

a functionof time. Samplingis requiredfor thedataprocessing.The frequenciesin the

caseof fire arelimited up to � 10Hz[2], so thatwe assumedto usea samplefrequency

of fA � 20Hz. Sothetemperaturesamplesfrom b sensorsat thelocation
�
xn � yn � canbe

seenas

Tn
�
k �
� Sn

�
k � 	 Nn

�
k � � n � 1

�
1� b

whereSn
�
k � is interpretedasa deterministicsignalcausedby thefire andNn

�
k � asnoise

causedby theunavoidableturbulences.If theranger is largebetweenthefire placepro-

jectionundertheceiling
�
x0 � y0 � andthelocationof thesensorarray

�
xn � yn � , thetemper-

aturewaveundertheceilingcanbeseenasaquasiplanarwavefrontfrom theperspective

of thearraywith thedimensionsd � d andd � r.
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Figure2: geometricalarrangementof thesensorarray

In figure2 thesensorarraywith sensorsSn � n � 1
�
1� 4 is shown in thedistancer from the

fire placeprojectionundertheceiling. Thewavefront is shown asquasiplanarwith the

velocity
�
v.

Figure2 alsoshows, that with knowledgeof the geometricorderof the sensorsin the

arrayandtheassumptionof a quasiplanarwavefrontwith thevelocity
�
v first reachesthe

sensorS1, thenS3, thenS2 and last S4. With this modela time delaycanbe defined

betweenS1andS2asD12 andalsoD13 asdelaybetweenS1andS3.

With knowledgeof this coherenceandour signalmodel the problemof estimationthe

directioncanbereducedusingthegeometryof thesensorarrayto atimedelayestimation

problem

T1

�
k ��� S

�
k � 	 N1

�
k �

Tn
�
k ��� αnS

�
k � k1n � 	 Nn

�
k � � n �� 1

with thedelaysk1n. ThedeterministicsignalS
�
k ��� S1

�
k � asapartof T1

�
k � is interpreted

asa timedelayedsignalS
�
k � k1n � alsoin Tn

�
k � , n �� 1.

We have investigatedseveral signalprocessingalgorithmsknown on time delayestima-

tion, e.g. the PATH-algorithm, the SCC-algorithm, the SCOT-algorithm, the WIENER

PROCESSOR, the ROTH PROCESSOR, the ML-algorithmandthe Adaptive Time Delay

Estimationmethod.For detailssee[9]. In thefollowing only theSCC-algorithm(Simple



CrossCorrelation)is explainedto understandtheprinciplesof timedelayestimation.The

crosscorrelationbetweenthefirst andthen sensoroutputis

R1n

�
κ ��� E � T1

�
k � Tn
�
k 	 κ ��� � n � 2

�
1� 4 �

By theassumptionof uncorrelatednoiseNn
�
k � in thesignalmodel,it canbewritten as

R1n

�
κ ��� E � S � k � S � k � k1n

	 κ ��� � n � 2
�
1� 4 �

Themaximumof R1n

�
κ � occursfor κ � k1n, sincetheargumenttakesfor arbitrarys

�
k �

a positivevalue.For estimationof k1n now only thecrosscorrelationhasto beestimated

andits maximumhasto befound.NormallytheestimationR̂1n

�
κ � k � is givenbyaveraging

thetemperaturesamplevectorsfrom T1

�
k � andTn

�
k � .

R̂1n

�
κ � k ��� 1

L

L � m � a

∑
l � m

T1

�
l � Tn
�
l 	 κ � � n � 2

�
1� 4 � k � m

M �

m � 0
�
M � K � L � κ ��� κmax

�
1� κmax �

In thefollowing thehatindicatesanestimation.Thein-stationarityof thesignalsis taken

into accountby thetime dependencek � m
M of R̂1n

�
κ � k � . Themeasuredsignalsarecom-

posedto nonoverlappingblockswith thelengthL. Theestimationis only calculatedeach

Mth time. κmax shouldbenot too largeto minimizerequiredcalculationpower.

After knowing theestimatedtimedelays,we just needtherelationsbetweenthesedelays

andtheparametersr, α and
�
v. We have assumedthat thefire is far away from thearray,

sothatr � d andwecanseethemasquasiplanarwavefronts.Sothevelocity vectorcan

beseenas


 �v 
 k12

fa
� dcosα


 �v 
 k13

fa
� dsinα �

Sotheparametersα and
�
v canbewrittenas

α � arctan
� k13

k12
�


 �v 
�� fa
dcosα

k12
�

Actually thefourthsensorS4 is unused,soit canbeusedto estimateanotherpairof delay

times. Thesedelaytimescanbe alsousedto calculatean estimatedangleandvelocity



to verify andalsoto improve the first calculation. For the locationestimationa second

estimatedangleinformationis required. In our casewe placeanotherangleestimation

unit in thesameobservationroom.With thesetwo estimatedanglesα1 andα2 a location

of thefire canbecalculated.

4. FIRE EXPERIMENTS

All fire experimentswerecarriedout in the fire detectionlaboratoryof the GERHARD-

MERCATOR-University Duisburg. The fire room of the laboratoryhasa groundsizeof

10.5m � 9mandthevariableceiling (it canbevariedfrom 2.87mup to 6.57m)wasfixed

at 3.40m. Somefirst experiments[3],[4] with spirit fire werecarriedout to testout the

genericwork of thelocationestimationalgorithm.After anoptimizingprocessfor some

boundaryconditionson thealgorithmparameterssevenkindsof testfire weredone.The

testfiresarelistedin table1 by name,numberandburningmaterial.

TF1 Openwoodfire (beechwood)

TF2 Smoldering(pyrolysis)woodfire

(beechwood)

TF3 Glowing smolderingfire (cotton)

TF4 Flamingplasticfire (polyurethane)

TF5 Flamingliquid fire (n-Heptane)

TF6 flamingliquid fire (metylatedspirit)

TF7 Flamingliquid fire (dekalene)

Table1: Testfiresby nameandmaterial

To verify thedifferentalgorithmswith testfiresa fixedanglebetweenthesensorarrays

andthe fire locationwasused. For the fire experimentstwo sensorarraysaremounted

undertheceiling. Thephysicalparametersareα1 � 45� , α2 � 45� , r1 � 3m andr2 � 3m,

thefire wasalwayslocatedat
�
x0 � y0 ���

�
0 � 0� .



Figure3: Sensorarray, signalprocessorandPC

The measurementsystem,shown in figure 3, usesa disc with a diameterof 23cm. In

its centerthetemperaturearraycontainingfour sensorsis placed.Thefigurealsoshows

theusedDigital SignalProcessor(DSP)board,liquid crystaldisplayanddataacquisition

computer. For adetectorsolutionwith DSPweminimizedtherequiredcalculationpower

andusedmemory. Thesampleratewasshifteddown to fA � 20Hz. Theobservationwin-

dow lengthL wasminimizedto 40 samples.All shown angleestimationsarecalculated

with theSCC-algorithm.Thereasonfor this selectionwasthefirst portationof this algo-

rithm into a DSPfor anautomaticangleestimator. In [9] is shown thattheerrorbetween

theSCC-algorithmandother, morecalculationintensivealgorithmsis smallenoughfor a

first solution.

To verify theresultsfrom theDSPsolutionanadditionalcomputer-basedsimulationwith

thealgorithmundertesthasbeendone. Theestimationalgorithmshasbeentestedwith

all of thelistedkindsof testfires.But exemplifiedby threeof thesefiresshouldbeshown

thattheestimationworks.Only thefirst 80secondsof a testfire areshown in thefollow-

ing figures,becausethegoalof theestimationwasto give a first fire locationestimation

at thetimeof fire alarm.For examplethedetectiontime for aTF6andanEuropeanstan-

dardtemperaturedetectorsof classA1 is around60 seconds.Thedetectormustgive an

alarmafter theroomtemperatureincreasesby 29� Celsius.Thealarmhereis givenby a

temperatureof 50� Celsiusdependingon a room temperatureof 21� Celsiusbeforethe

fire starts.
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Figure4: TF2 temperaturedata

Figure4 shows thetemperaturecurve from a sensorwhich is typical for smolderingfire

type TF2. This signalandthe following signalsshown in figure 6 andfigure 8 showed

no temperaturedc offset,so they canbe interpretedasshown aftera high passfiltering.

Thesesignalsincludesthelightning of thefire in their first tenseconds.
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Figure5: Estimatedangleα̂ for aTF2

Thefigures5, 7 and9, showstheestimatedanglevalueα̂ for thefirst 80secondsof afire.

Thereis an angleα̂ valuefor every two secondsdependingon a 40 samplecorrelation

window lengthL anda fA � 20 Hz samplerate.Theestimatedangleα̂, shown in figure5

varies∆α � � 12�!�"� 	 8 degreesaroundtruerealvalueafter60seconds.

Figure6 shows thetemperaturecurve from a sensorwhich is typically for a flamingfire
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Figure6: TF4 temperaturedata

typeTF4. Thetypical increasingtemperaturevaluesover thetime indicatethat thetime

is limited for estimatingthefire place.This is causedby increasingtheturbulencesof the

hotgasesundertheceiling from theincreasingfire.
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Figure7: Estimatedangleα̂ for aTF4

Theestimatedangleα̂, shown in figure7 varies∆α ��� 10�!�"� 	 3 degreesaroundthereal

valueafter40seconds.
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Figure8: TF6 temperaturedata

Figure8 showsthetemperaturecurvefrom asensorwhichis typically for aflamingliquid

fire typeTF6.
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Figure9: Estimatedangleα̂ for aTF6

Theestimatedangleα̂, shown in figure9 varies∆α �#� 8 �!�"� 	 4 degreesaroundthereal

valueafter20secondsand∆α ��� 5 �!�"� 	 3 degreesafter40seconds.
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Figure10: Thelocationestimatederrorarea

Figure10 shows theerrorareaof thelocationestimationin thefire laboratoryunderour

testconditions. For examplethe TF6 is a flaming liquid fire in a quadraticbasinwith

43.5cm � 43.5cmandtheerrorareafrom theestimationis in thesamedimensions.

5. CONCLUSION

A methodto locateafire usingtwo temperaturearrayswasproposed.A first DSPsolution

was shown and it’ s resultswere verifyed by fire experiments. It was shown that it is

possibleto give a first fire locationestimationin the sametime asneededfor detecting

thefire with a classA1 detector. Unknown is the time for anusefullocationestimation

of smolderingfiresof type TF2 andTF3. For the future it is planedto port someother

promisingtime delayestimationalgorithmsto theDSPsolutionfor a higheraccuracy. It

is alsoplannedto testsomeothersensortypese.g. pyroelectricsensorsfor their useful

work in suchadetectortype.
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[9] R. Sprenger”Ein ersterAnsatzzursignalprozessorbasiertenBrandortbestimmung”,

Diplomarbeit,Gerhard-Mercator-UniversiẗatDuisburg, 1999
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